Stable isotope records of oxygen and hydrogen were studied from a 65 m long ice core retrieved from the central Dronning Maud Land, East Antarctica, in order to reconstruct the coastal Antarctic climate variability during the last century and its relation to the Southern Annular Mode (SAM) and El Niño Southern Oscillation (ENSO). The δ
INTRODUCTION
Recent climate change in Antarctica is poorly understood due to the limited availability of instrumental data, coupled with the remoteness of the region. Although meteorological parameters are being measured at several stations along the coastal regions of Antarctica, these measurements started only in the late 1950s. For understanding the Antarctic climate variability, it is critical to have longer records from spatially distinct regions. These can be provided by ice cores, but are generally not available in a resolution comparable to the instrumental data. Using oxygen and hydrogen isotopes of snow it is possible to reconstruct past environmental variability, since a linear relationship exists between stable oxygen (δ 18 O) and hydrogen (δD) isotope values of snow and mean annual surface air temperature at the deposition site [Dansgaard, 1964] . But, this linear relationship is known to vary with space and time [e.g. Jouzel et al., 1997] . Several factors have been reported to influence the isotopic composition of snow, such as: changing conditions in water vapour source regions, changes in magnitude of the ratio between advective and turbulent transport, changes in the strength of inversion layer, variations in the distillation history of air masses bringing precipitation to the core site, microphysical processes in clouds during snow formation, seasonality in precipitation and post-depositional isotopic diffusion [Helsen et al., 2005 and references therein] . Further, winddrifted snow from the Antarctic interior carried by katabatic winds as well as wind scouring could influence the isotopic records [Fisher et al., 1985; Gregory and Noone, 2008] . At coastal Antarctic sites, the isotopic content of snowfall is also sensitive to the sea ice extent [Noone and Simmonds, 2002; . Therefore, the use of oxygen and hydrogen isotopes of snow warrants a careful consideration of associated parameters and processes.
Large scale patterns of atmospheric circulation influence Antarctica to varying levels. On an inter-annual to decadal timescale, the Southern Annular Mode or Antarctic Oscillation (SAM/AAO) [Thompson and Wallace, 2000] and to a lesser extent the El Niño Southern Oscillation (ENSO) [Bertler et al., 2006] , primarily drive the tropospheric Antarctic circulation. SAM is the principal mode of variability in the atmospheric circulation of the mid and high latitudes of the Southern Hemisphere, with synchronous anomalies of opposite sign in the mid and high latitudes [Lefebvre et al., 2004] . It represents the periodical strengthening and weakening of the circumpolar vortex, which is the belt of tropospheric westerlies surrounding the Antarctic continent, and provides a means of coupling the Antarctic climate with that of lower latitudes [Turner, 2004] . During times of high SAM index, most of East Antarctica experiences cooling while the Antarctic peninsula experiences warming and strengthening of westerlies [Kwok and Comiso, 2002b] . ENSO, on the other hand, is characterised by a pattern of warm and cold sea surface temperature anomalies in the central and eastern equatorial Pacific with coupled atmospheric changes, which extend to Antarctica [Turner, 2004] . A study of inter-annual to decadal variability of SAM and ENSO in Antarctica and understanding of the mechanisms involved are expected to provide clues on Antarctic climate variability and its global implications. However, a critical requirement underlying the study of temporal variability of SAM and ENSO is the availability of highly resolved proxy records that go beyond the instrumental records.
Ice core studies with respect to climatic variability have been undertaken in the Dronning Maud Land (DML) region using deep [EPICA Community Members, 2006] and shallow [Isaksson et al., 1996; Isaksson et al., 1999; Graf et al., 2002] ice cores. However, only a few high resolution ice core records are available from coastal regions of DML, that provide detailed evaluation of the environmental variability and its possible mechanisms [Kaczmarska et al., 2004; Divine et al., 2009 ].
The present study is an attempt to understand the influence of SAM and ENSO on the isotopic variability and the relationship between isotopes and surface air temperatures over the last century, using a high-resolution ice core record from the central DML region.
MATERIALS AND METHODS
The ice core IND-25/B5 (length: 65 m), analysed for the present study was retrieved during Annual mean temperature at the core site and the accumulation rate reported in this area is ~ -20ºC and ~170 kg m -2 a -1 , respectively [Anschütz et al., 2007] . The Ground Penetrating Radar (GPR) survey conducted prior to drilling as well as the available information [Anschütz et al., 2007] , indicated that the core site is not affected by glacial flow or any topographic undulations. Density of snow was estimated using weight and volume of the individual core sections, and the same was used to calculate the accumulation rates. Immediately after retrieval, the cores were labelled, stored under refrigeration (-20˚C) and shipped to Goa, India. The ice core samples were archived in frozen conditions until further processing. Prior to sub-sampling, the ice cores were manually decontaminated by removing a thin outer layer using microtome blades and sub-sampled at 5 cm intervals in the ice core processing facility (-15°C) at the National Centre for Antarctic and Ocean
Research (NCAOR), Goa, India.
Stable isotope ratios of the melted ice samples were measured using an 'Isoprime' Isotope Ratio Mass Spectrometer (IRMS) (GV instruments, UK). Oxygen isotope ratios were determined by following the method of equilibrating the water samples with CO 2 gas [Epstein and Mayeda, 1953] .
Hydrogen isotope analysis was done by following the method of H 2 -H 2 O equilibration using platinum catalyst [Coplen et al., 1991] . All measurements were made against NIST standard reference materials, Vienna Standard Mean Ocean Water (VSMOW) and Standard Light Antarctic Precipitation (SLAP) [Coplen, 1996] . The isotopic composition is expressed in per mil (‰) as the deviation of a sample from the VSMOW standard. The external precision (1σ) obtained using a laboratory standard (CDML1) on oxygen and hydrogen was ± 0.05‰ and ± 0.77‰, respectively.
Replicate analysis performed on ten samples yielded a repeatability of ± 0.05‰ and ± 0.8‰ on oxygen and hydrogen isotope, respectively. The estimated precision of deuterium excess values based on the precision of oxygen and hydrogen was ± 0.87‰.
The SAM data used in this study is a reconstructed index based on multiple linear regression of available station data from across the Southern Hemisphere, with the regression equation based on the statistical relationship of the principal components from the group of stations to a predictor [Jones et al., 2009] [Turner, 2004] . Correlations presented here between SOI, SAM and SAT were derived using the NCEP/NCAR reanalysis data [Kalnay et al., 1996] . . Using such rigorous procedures, the core was dated back to the year 1905 with an error of ± 2 years ( Figure 2a ).
RESULTS AND DISCUSSION
The δ 18 O values showed clear summer maxima and winter minima throughout the core, with values ranging from -20 to -37‰ whereas δD values ranged from -150 to -293‰ ( Figure 2a ). For the entire length of ice core presented here, the relationship between the oxygen and hydrogen isotopes followed the meteoric waterline [Craig, 1961] Annual accumulation rates at the core site calculated based on the summer peaks in δ
18
O record and density of snow at respective section, ranged from 110 kg m -2 a -1 to 528 kg m -2 a -1 (Figure 2b ). The accumulation rates showed large variability with a standard deviation of ± 95 kg m -2 a -1 . Snow accumulation data, averaged for the DML region, provides values in the range of ~200-250 kg m -2 a -1 [Vaughan et al., 1999; Giovinetto and Zwally, 2000] . Accumulation rate derived for the top snow section of the present core is ~290 kg m -2 a -1 and is comparable with earlier studies.
Such high temporal accumulation variability is caused due to the large-scale variations in precipitation owing to cyclonic activities along the coastal areas of DML [Schlösser and Oerter, 2002] .
In order to examine the extent to which the ambient air temperatures are represented by the isotopic composition of the snow, it is important to compare the δ 18 O record with the measured air temperature from this region. Long-term meteorological data for this region is available from the coastal Russian station 'Novolazarevskaya' (Novo) (70° 46'S and 11° 50' E) which, however, is located at a much lower altitude (elevation ~100 m a.s.l) and ~65 km north of the core site, in the Schirmacher Oasis. The precipitation and origin of moisture could be different at both locations, due to a significant difference in distance and elevation. Moreover, the presence of strong katabatic winds [Parish and Bromwich, 1987] could have an influence on snow redistribution. Therefore, the 'Novo' temperature record may only be a broad representation of the conditions prevailing at the core site. We examined the ice core annual δ
O record for its relation to annual surface air temperature from 'Novo' for the period of data availability (1962 onwards) . A poor positive correlation (r = 0.15, df = 44) between annual ice core δ
O and annual 'Novo' surface air temperatures, suggests that processes other than temperature do influence the annual isotopic profile.
Relation between SAM, SOI, temperature and δ 18 O records:
The SAM contributes to ~35% of variance in sea level pressure or geopotential height on a large range of time scales [Marshall, 2003] . It was observed that over the last 50 years the SAM has shifted into its positive phase, especially in summer and autumn, resulting in strengthening of the circumpolar westerlies and has significantly contributed to the spatial variability in Antarctic temperature change [e.g. Thompson and Solomon, 2002; Kwok and Comiso, 2002b; Marshall, 2003; Schneider et al., 2004; Turner et al., 2005] . This spatial variability was seen from the instrumental temperature data from coastal Antarctic stations which showed significant warming at western and northern parts of the Antarctic Peninsula and to some extent at 'Scott Base' [Turner et al., 2005] .
Conversely, a significant cooling was observed at 'Amundsen-Scott' in central Antarctica, whereas the rest of the continent did not show any discernible trend [Turner et al., 2005] . Intriguingly, the station 'Novolazarevskaya' in the DML region of East Antarctica, displayed a warming trend for the entire period from 1962 to the present.
Further, to understand the relationship between annual δ 18 O and SAM for the entire century, the ice core δ we applied a 4-year low pass filtering to the δ 18 O record as well as to the SAM index ( Figure 3a) .
The relationship between the two was insignificant and not stable in time (r = -0.1, df = ~25). Since, the SAM is also known to play an important role in driving decadal temperature changes [Marshall, 2006] , we further examined the running decadal correlation between the annual δ 18 O and SAM, which also revealed an insignificant relationship (Figure 3b ). In East Antarctica, high polarity of SAM is known to correspond to lower temperatures and vice versa [van den Broeke and van Lipzig, 2004] . The oxygen isotopes taken as a temperature proxy should generally exhibit a negative relationship to SAM as revealed for East Antarctica [Schneider et al., 2004] . Though the negative relationship was found to exist intermittently, during certain periods (1918-1927, 1938-1947 and 1989-2005) [Kwok and Comiso, 2002a; Yuan, 2004; Fogt and Bromwich, 2006; Gregory and Noone, 2008] . The main connection of ENSO to Antarctica is believed to be through the Pacific South American pattern (PSA), which represents a series of positive and negative geopotential height anomalies initiated from tropical convection and extending from west-central equatorial Pacific to Australia, South Pacific near Antarctica, South America and then bending northwards toward Africa [Karoly, 1989] . Most importantly, ENSO is also known to affect the SAM, but in a highly non-linear way [Turner, 2004] . The two modes of climatic variability may combine, partially offset or enhance their influence on each other and on the Antarctic climate [Bertler et al., 2006] . For the past century, we examined the relationship between the δ 18 O record and the indices of SOI and SAM. The analysis showed that for the period wherein the δ 18 O and SAM relationship was insignificant or positive (1918-1927, 1938-1947 and 1989-2005) , the relationship between the SOI and SAM also tend to be in-phase (Figure 3b ). An in-phase occurrence of SOI and SAM leading to strong ENSO teleconnections to Antarctica has been demonstrated recently [Fogt and Bromwich, 2006; Gregory and Noone, 2008] . These studies were mainly undertaken in the Pacific sector, where ENSO effect is dominant. Divine et al. [2009] studied a few ice cores from the coastal DML and suggested that ENSO teleconnections to this region occured only during certain periods and were caused due to bidecadal variability in SAM, forced by the tropical Pacific. The response of ice core δ 18 O to the atmospheric circulation in all these studies was different due to the location of core site and biases in seasonal accumulation patterns. [2006] reported that the austral spring (September, October, November; SON) and summer (December, January, February; DJF) best capture the influence of ENSO on Antarctica, since these are the seasons when ENSO matures. For a more recent period, an in-phase relationship between SAM and SOI was found during the austral spring and summer, which appears to be stronger during the 1990s [Fogt and Bromwich, 2006] . In the present study, the correlations between seasonal SAM as well as seasonal SOI and annual δ 1918-1927, 1938-1947 and 1989-2005 . In general, the correlations were negative as seen in the annual correlations; and weakened or were positive during the stated periods. 1918-1927, 1938-1947 and 1989-2005) (1918, 1919, 1921 * , 1923, 1924 * , 1925; 1938 * , 1940, 1941, 1943 * , 1946; 1989 * , 1991, 1993, 1994, 1997, 1998 * , 1999 * , 2002, and 2004 , as determined from the SOI). When these years of El Niño and La Niña events were omitted from the record, the relationship between the 4-year low pass filtered δ
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O and SAM became statistically significant with a negative correlation (r = -0.45, df = ~20). Our analyses suggest that ENSO events weakened the SAM-temperature relationship during the specific intervals mentioned above when ENSO and SAM tended to be in phase. A combined influence of ENSO-SAM modes therefore, controlled the temporal changes in δ 18 O at the core site. Such an interpretation is supported by the study of Divine et al. [2009] which demonstrated that at 2-6 year timescales, the ENSO did establish an intermittent teleconnection with the coastal DML region during the period 1955 to 1999.
The SAM-δ 18 O association was further analysed using spectral analysis on the annual oxygen isotope time series, by means of the REDFIT 3.5 programme [Schulz and Mudelsee, 2002] . The power spectrum revealed statistically significant variability at ~4 years (95% significance level; Figure 4a ) and is in agreement with the 4-5 year variability of the SAM [Thompson and Wallace, 2000] . Another less significant peak in the power spectrum of δ 18 O was seen at ~6 years, which is attributable to ENSO and probably interferes with the low frequency variability, thus weakening the 4-year low pass filtered SAM-δ 18 O relationship. In addition, the SAM index was observed to have a ~10 year variability, which was also seen in the δ 18 O record of IND-25/B5 ice core, but did not exceed the significance level. We therefore examined the relationship between 8-12 year band pass filtered SAM and δ
O data, which showed a significant negative correlation (r = -0.72, df = ~10) for the entire period (Figure 4b) . Hence, the SAM dominates the isotopic (and temperature) variability in this part of East Antarctica on a decadal time scale in spite of the intermittent influence of ENSO.
To evaluate whether ENSO influences air temperatures at the study region, two distinct periods (1979-1989 and 1989-2005 , wherein the relationship between SAM and δ
O shifts from negative to positive, respectively) were studied in detail and the NCEP reanalysis data for this period was examined. The reason for selecting the year 1979 as the commencing year is that, from 1979 to the present, the NCEP data is reliable [Turner, 2004] . The relationship between SAM as well as SOI and surface air temperatures at the core location showed that SAM is negatively correlated to annual surface air temperatures from 1979 to 1989 (r = -0.6; df = 11; not shown). Significant relationship was also found between the winter air temperatures and SAM for the period 1979 to 1989 (r = -0.7; df = 11; not shown). A similar relation between the SAM index and winter air temperatures at 'Novo' has been reported earlier [Marshall, 2006] . During 1989 During -2005 , the relation between SAM and surface air temperatures was insignificant on annual basis, but for the summer period, the relationship was significant (r = -0.5, df = 17, not shown). However, the relationship of SOI to annual surface air temperatures was found to be insignificant for the periods, 1979-1989 and 1989-2005 . When the summer season was considered, the correlation between the two became statistically [Zhou and Yu, 2004; Fogt and Bromwich, 2006; L'Heureux and Thompson, 2006] .
During El Niño events, the PSA pattern gives rise to positive geopotential height anomalies over the Amundsen-Bellingshausen seas and negative anomalies over the Weddell Sea region. This phenomenon, referred to as the Antarctic Dipole, is reflected in the out-of-phase relationship between sea ice and surface temperature anomalies in South Pacific and South Atlantic [Yuan, 2004] .
As a result, the cyclonic activity in the Weddell Sea intensifies during El Niño periods. In order to understand the typical air parcel route to the study area, 5 day back trajectory analyses were carried out at 500 hpa level above the drilling site, at every 6 hour interval during July 1997 (El Niño year) (Fig.5 ) using the National Institute for Polar Research trajectory model (NITRAM) [Tomikawa and Sato, 2005] and ERA-40 reanalysis data. July was selected as a representative period as Suzuki et al.
[ 2008] have shown that throughout the year there is little difference in air parcel routes to the DML region. Our study indicates that the moisture is mainly derived from the Weddell Sea and the southern Atlantic Ocean, with a minor contribution from the Pacific Ocean. The cyclonic circulation of the Weddell Sea brings in warm air to the DML region. Previous studies have also made similar observations [Noone et al., 1999; Reijmer and van den Broeke, 2001] . The moisture advection into the coastal region would be supplemented by the negative SAM, which leads to the weakening of westerlies. This would result in warm atmospheric air mass from lower latitudes to advect over Antarctica causing rise in surface air temperatures during austral summer, leading to a better teleconnection of ENSO to this region. during summer and autumn [Turner et al., 2005; Marshall, 2006; Visbeck, 2007] . It is suggested that the weak winter δ 18 O-temperature relationship is apparently due to post-depositional changes or due to the large interannual variability in precipitation.
Deuterium excess, δ 18 O -T relationship and environmental implications:
The deuterium excess (d = δD -8 *δ 18 O) parameter is generally used to infer information such as temperature and relative humidity of the moisture source areas [Ciais et al., 1995; Jouzel et al., 2003] . In general, higher deuterium excess values from polar ice cores reflect a more distant moisture origin while the lower deuterium excess indicates evaporation at higher latitudes [e.g.. et al., 1999] . However, the precipitation events in coastal regions are complex and it is more difficult to extract information of the moisture source conditions from deuterium excess alone. A recent study suggests that the deuterium excess parameter is mainly affected by the altitude of moisture transport trajectory [Helsen et al., 2006] .
Vimeux
In the present study, deuterium excess varied from -1.0 to 10.6‰ during 1905-2005, with an average value of 4.3‰. The large shifts in deuterium excess record correspond to periods when ENSO events influenced the δ 18 O record (shaded regions in Figure 6 ). This suggests that the air trajectories in this region are influenced by the cyclonic activity as observed for the entire DML region [Noone et al., 1999] . The main source of moisture in DML is considered to be the Weddell Sea region, which is known to be a cyclogenetic area [Noone et al., 1999] . Cyclonic activity could substantially influence the air parcel paths and bring in warm moist air to the DML region. and increasing ocean surface temperature [e.g., Merlivat and Jouzel, 1979] . However, in the present case, it is uncertain to what extent the relative humidity values are representative of the conditions over oceanic source area. While an air parcel travels over several days, it undergoes exchange of moisture by means of evaporation and precipitation with the surrounding boundary layer. Therefore, an air parcel can be associated with several moisture uptake locations, with the earliest evaporative sources contributing lesser to the precipitation at the arrival site [Sodemann et al., 2008] .
Considering the complexity of processes responsible for the changes in deuterium excess at coastal locations, we can only speculate that large variations in deuterium excess values are a consequence of shifting moisture source regions during the periods of stronger ENSO teleconnections.
The δ 18 O records in the polar ice cores have often been used to determine the mean annual surface air temperatures at the site of precipitation using the δ 18 O-T spatial slope [Dansgaard, 1964] .
In East Antarctica, spatial variations in oxygen isotopes have been frequently used to determine the empirical relationship between the mean annual temperature and the δ 18 O content in snow [Isaksson and Karlén, 1994 evidence comes from another coastal ice core from DML (S100; Figure 1 ), which estimated a positive trend of 0.12‰/decade for a similar time period [Divine et al., 2009] . The present ice core study therefore, confirms a significant warming at DML during the past century . 1918-1927, 1938-1947 and 1989-2005) . It was further observed that during these specified intervals, the SAM and the SOI indices were in-phase, which indicates that the teleconnection of ENSO to the central DML occurs through the combined influence of SAM and ENSO. A significant negative relationship between SAM and the ice-core δ 18 O record was observed only when the ENSO years occurring within the above mentioned intervals (1918-1927, 1938-1947 and 1989-2005) were eliminated. This negative relationship between SAM and the ice-core δ The deuterium excess record of the ice core showed a significant relation to the relative humidity record from 'Novo'. Our data revealed presence of major shifts in deuterium excess record for the years when the ENSO influenced the δ 18 O record. This may indicate shifts in moisture source regions during the periods of stronger ENSO teleconnections. A significant warming trend of 1°C for the entire century was revealed in the SAT, which was estimated from the δ 18 O record. This is also corroborated by the instrumental data from the 'Novo' station as well as earlier ice core records. This finding validates that the central DML is probably the only region in East Antarctica showing significant warming trend. 
CONCLUSIONS
